The International Food Policy Research Institute (IFPRI), established in 1975, provides research-based policy solutions to sustainably reduce poverty and end hunger and malnutrition. IFPRI's strategic research aims to foster a climate-resilient and sustainable food supply; promote healthy diets and nutrition for all; build inclusive and efficient markets, trade systems, and food industries; transform agricultural and rural economies; and strengthen institutions and governance. Gender is integrated in all the Institute's work. Partnerships, communications, capacity strengthening, and data and knowledge management are essential components to translate IFPRI's research from action to impact. The Institute's regional and country programs play a critical role in responding to demand for food policy research and in delivering holistic support for country-led development. IFPRI collaborates with partners around the world.
Introduction
Losses of food are typically measured in terms of physical volume or economic value.
Degradation of food safety is also an important aspect of food loss, but one which is often difficult to observe. While food safety hazards can be detected through specialized tests, low unit transaction values and the absence of traceability systems in most low-and middle-income countries imply that testing is often not economically feasible. The invisibility of food safety makes it difficult for value chain actors to address food safety losses and limits their economic incentive to do so. However, if food safety hazards are correlated with other, more observable attributes of food quality, markets may incidentally penalize these, and consumers may be able to divert contaminated foods to uses that reduce health risk.
Evidence on the existence and magnitude of price penalties for the correlates of food safety hazards can be used to inform the design policies to reduce foodborne illness. If hazards persist despite a strong price, this implies that other constraints are responsible for food safety failures; if a price signal is absent, this suggests that policies which make hazards easier to observe, such as the promotion of low-cost detection technologies, or certification of safer food, could potentially have a significant impact on adoption of practices to improve food safety. Further, if food safety is important but unobservable to consumers, this may lead people to control the quality of their food by producing it themselves, diverting resources from other, potentially more profitable activities.
Similarly, understanding how the use of agricultural products depends on their safety has implications for the importance of intervention from a public health perspective. If consumers are already mitigating their exposure by processing food in a way that reduces risk, the health implications may be less severe than the prevalence of a hazard would suggest.
In this paper, we describe the observable correlates of aflatoxin, a common food safety hazard in maize, and examine how these relate to consumer perceptions, prices, and the use to which maize is put. Aflatoxin is produced by a fungus endemic in soils. Dietary exposure to the toxin at high levels causes liver damage and death. Low-level, chronic exposure contributes significantly to the burden of liver cancer in developing countries (Liu and Wu, 2010) and is linked to impaired growth from gestation through early childhood (Gong et al., 2004; Turner et al., 2007; Hoffmann et al., 2018) . Prevalence studies in Kenya's formal and informal maize sectors consistently show high average levels of aflatoxin contamination, with 16% to 83% of samples testing above the regulated maximum level (Lewis et al., 2005; Daniel et al., 2011; Okoth and Kola, 2012; Mutiga et al., 2014; Mutiga et al., 2015) .
Crop stress during the growing season, particularly caused by drought conditions, can increase the risk of infection with the fungus that produces aflatoxin; post-harvest factors including contact with soil, insufficient drying, and exposure to moisture and insects during storage lead to fungal proliferation and associated production of the toxin during storage (Wilson and Payne, 1994; Hell et al., 2008) . Food safety losses in grain are thus are caused by many of the same factors that lead to physical losses and degradation of its more readily observable qualities. As a result, aflatoxin contamination in maize is correlated with physically observable attributes (Matumba et al., 2015) . In particular, physical damage to the protective outer layer of the maize kernel facilitates fungal infection, and fungal growth can sometimes (though not always) lead to discoloration of grain. However, physical grain damage also allows the growth of fungi that do not produce aflatoxin, and other fungi can cause discoloration, weakening the correlation between visible grain attributes and aflatoxin.
While previous work shows a negative relationship between price and aflatoxin contamination or branded, packaged maize flour in Kenya (Hoffmann and Moser, 2017) , the extent to which observable correlates of aflatoxin contamination are penalized in unregulated grain markets has not previously been studied. A negative correlation between aflatoxin and price would imply the existence of an economic incentive to reduce aflatoxin, if only incidentally. Similarly, there is no existing literature comparing the level of contamination in crops consumed as food versus put to other uses, for example, for production of alcoholic beverages or as livestock feed.
The way in which contaminated crops are used has an impact on human exposure to aflatoxin.
Fermentation of grain to produce beer reduces the level of aflatoxin contamination by up to 82% (Chu et al., 1975) . While some of the aflatoxin present in feed does pass through to the animal products consumed by humans (and exposure reduces animal productivity), levels of the toxin in these products are far lower than in the feed itself (Bhat et al., 2010) .
We aim to fill these gaps by presenting evidence on how observable attributes of maize, its price, consumers' subjective perceptions of its quality, and the use of maize relate to aflatoxin contamination. This paper builds on a small body of literature relating observable qualities to the prices of agricultural commodities in informal markets (Langyinto et al., 2004; Kadjo, Ricker-Gilbert and Alexander, 2016) . It relates to work on agricultural markets in India showing that absent external verification, information on attributes which are difficult to observe, for example pesticide use and source of irrigation water, does not circulate through the value chain and better quality on these dimensions is therefore not rewarded by higher prices (Fafchamps et al., 2008) .
In the following section, we describe the study design, data, and analytical approach.
Results are then presented as they relate to four questions: How do subjective perceptions of quality relate to food safety? Do informal markets reward food safety? How does food safety relate to how, and by whom, maize is used? Finally, we discuss the implications of our answers to these questions for both the efficiency of informal maize markets in developing countries, and public health.
Methodology

Sample selection and data collection
We use data from two surveys of hammer mill clients in rural Kenya. In Kenya, as throughout much of sub-Saharan Africa, consumers bring grain that they have either grown themselves or purchased in bulk as kernels on the informal market to small-scale hammer mills for grinding into flour. Hammer mills process an estimated 60% of the maize consumed in Kenya (Kang'ethe, 2011) . Previous aflatoxin prevalence studies have used a hammer mill-based sampling approach to collect large, geographically representative samples of maize (Mutiga et al., 2014; Mutiga et al., 2015) .
For the present study, we combine data on aflatoxin and observable maize quality as described in Mutiga et al. (2014) with previously unused variables in the same dataset on consumers' perceptions of maize quality, prices, intended use of maize, and socio-economic status.
These data were collected in July and August of 2010. After selecting a study area based on agroecological characteristics, 10 districts and then 112 maize-growing villages within these districts were randomly selected. A total of 150 hammer mills were selected within the 112 villages, with the number of mills per village proportional to size of the village population. A figure showing the spatial distribution of study villages was previously published in Mutiga et al. (2014) .
At each mill, ten clients were administered a brief survey and asked to provide a sample (in exchange for cash compensation) of the maize they had brought for grinding. Client's' un-milled maize was mixed to achieve homogeneity and a 100-gram sample was visually assessed and assigned a categorical score on two dimensions: percentage of broken kernels, and percentage of moldy, discolored, or rotten kernels. If time allowed, scoring was conducted twice: first before and then again after the client conducted any sorting of maize. However, since careful scoring is time-intensive, and enumerators were instructed to avoid taking too much of customers' time, maize was not scored at all in four cases, and was only scored once in 674 cases. In the analysis below, we utilize pre-sorting quality scores in the 1,299 cases for which these are available, as these reflect the quality of maize at the time of purchase, and since the same factors leading to visible damage in some kernels may also affect the aflatoxin contamination of those not visibly affected. The correlation coefficients between unsorted and sorted maize scores for the 822 observations containing both scores are 0.928 (discoloration) and 0.906 (kernel integrity). We therefore use post-sorting scores for the 197 cases in which unsorted scores are not available. 1
Once the flour had been milled, enumerators mixed it to achieve homogeneity and procured a 35-gram sample. Samples were stored in Falcon™ tubes (Corning, NY) with silica desiccant packs, stored at ambient temperatures, and sent to a laboratory at the Biosciences eastern and central Africa (BecA) laboratory in Nairobi within 72 hours. Once at the laboratory, samples were stored at 4°C until they could be analyzed for aflatoxin using an enzyme-linked immunosorbent assay (ELISA) following manufacturer's instructions. 2
In 2012, a second survey was administered to 10 clients each at a randomly selected subset of five hammer mills in the 2010 dataset. Data from this survey describe consumers' preferences regarding maize and their perceptions about its safety.
Data analysis
The relationship between aflatoxin contamination and price is potentially confounded by a number of factors. First, both aflatoxin contamination and maize prices tend to be highly spatially correlated. Second, maize prices in Kenya vary dramatically over time due to seasonal production patterns and limited storage capacity -for example, Stephens and Barrett (2011, Figure 1 ) report a 21.5% change in purchase price over a single month. Seasonality is also likely to affect both the visible quality and aflatoxin contamination of maize, due to quality deterioration during storage and changes over time in the region from which purchased maize is sourced (Kirimi et al., 2011) .
Third, consumer characteristics may be correlated with both quality and price. For example, cashconstrained consumers may purchase maize in small quantities, thus paying relatively high perunit prices, and may also be more likely to consume lower-quality maize. Similar factors may confound the relationship between subjective maize quality and aflatoxin if contamination and the factors based on which subjective quality is assessed co-vary regionally, temporally or by socioeconomic or demographic characteristics. For these reasons, in the regression analysis presented below we control for interview date and village fixed effects, as well as variables indicating the gender, educational attainment, asset holdings, and age of survey respondents.
As our primary measure of aflatoxin contamination, we use a binary indicator of whether contamination exceeds the Kenyan regulatory threshold of 10 parts per billion (ppb). This threshold is approximately halfway between the lower and upper limits of detection for the assay used (1 and 20 ppb). Where space allows, we also include specifications using any detectable aflatoxin, and the logarithm of ppb aflatoxin, to test the robustness of our results. Of the 1500 hammer mill clients interviewed, 1369 (91%) knew the source of the maize they were milling. Of these, 62% had grown the maize on their own farm, 32% had purchased the maize, and 7% had obtained it as a gift. The primary intended use of maize (known by the respondent in 97% of cases) was for consumption as food (61%), while a third of respondents indicated that the maize would be used for fermentation to produce an alcoholic 'local brew', and relatively few (1% and 5%, respectively) reported that it would be used as livestock feed or sold. One third of scored samples included some broken kernels, and 40% contained kernels that were moldy, rotten, or discolored. The proportion of samples containing more than 10% of kernels in each of these categories was 5% and 8% respectively. Aflatoxin was detected in one third of samples. The mean level of aflatoxin was 47.2 ppb, and 39% of samples exceeded the Kenyan regulatory limit of 10 ppb. Figure 1 shows the distribution of aflatoxin on a natural logarithmic scale.
Results
Sample characteristics
Notes: Horizontal axis is shown on a natural logarithmic scale; observations below the minimum detectable level of 1 ppb (33% of the sample) are excluded. The vertical line indicates the regulatory limit (10 ppb) for total aflatoxin in Kenya.
Figure 1.
Histogram of aflatoxin contamination (ppb) in maize samples
Maize quality perceptions and practices
Table 2 presents descriptive statistics related to hammer mill clients' perceptions of maize quality and related practices. Almost all respondents to the 2010 survey either reported that they had removed damaged kernels or other impurities from their maize prior to bringing it to the mill or were observed to do so while at the mill. Three quarters of those who had sorted their maize said they did this for health reasons, while a quarter were motivated by taste quality.
Data from the 2012 survey echo Hoffmann and Gatobu's (2014) finding that consumers generally prefer maize they have grown themselves, with 90% of clients expressing this preference. 3 Of those who indicated that they preferred self-grown maize, two of the most common (nonexclusive) reasons given for this preference relate to aflatoxin risk: superior drying or storage practices (64%) and more careful sorting (30%). Other common reasons included cost (43%) and the absence of chemical additives (30%). Perceptions about food safety also reflect a perceived superiority of self-produced maize, with respondents far more likely to believe that consuming purchased maize, as opposed to home-grown maize, could cause illness. Just over 60% of respondents had heard of aflatoxin, and 30% correctly stated that maize which appeared to be high quality could nonetheless cause one to become ill. Table 2 . Maize taste and safety perceptions and practices 3 One respondent claimed to never consume purchased maize and was thus unable to express a preference.
How do objective characteristics, subjective perceptions of maize quality relate to safety?
We begin our regression-based analysis by examining the relationship between the observable characteristics and subjective quality of maize and aflatoxin contamination in Table 3 .
As shown in column 1 of this table, samples with between 1 and 10% of broken kernels are 10 percentage points (pp) more likely to exceed the regulatory aflatoxin limit than samples without any such damage. In samples with over 10% of broken kernels, the probability of exceeding the standard is 25 pp higher than in samples with no broken kernels. The correlation between visible discoloration of kernels is weaker but marginally significant when at least 10% of the sample is discolored. 4
In column 2, we restrict the sample to self-produced maize and examine the relationship between aflatoxin contamination and agronomic outcomes and storage duration. The directions of these correlations are as expected: lower yield, indicative of plant stress during growth of the maize crop, is correlated with higher aflatoxin, as is longer time since harvest. While this information is not typically available to buyers and thus not expected to affect price, producers could potentially make inferences about the quality of maize based on the health of their crop and the time elapsed since harvest.
Column 3 shows the relationship between subjective quality of maize and aflatoxin contamination. Grain rated by repsondents as being of lower than average quality is 23.5 pp more likely to exceed the 10 ppb threshold compared to maize described as average or above average quality. This relationship remains strong and signficant after controlling for the observable factors Aflatoxin > 10 ppb regulatory limit (1 (2) are based on observations of selfproduced maize only, and the sample used in column (6) is restricted to maize that was either purchased or grown by the respondent (maize of unknown origin or received as a gift is excluded). Other columns are based on models that include all maize samples for which independent variables are defined; data on interview date, visual quality indicators, subjective quality rating, and source of maize reduce sample sizes. * p<0.10, ** p<0.05, *** p<0.01 Table 3 : Correlates of aflatoxin in maize brought to hammer mills of kernel integrity and discoloration (col 4). Reflecting the additional information available to those who produced grain, the relationship between subjective quality and alfatoxin contamination is stronger than for purchased grain (col 5). In line with the widespread perception among consumers that maize they have grown themselves is less likely to lead to illness than purchased maize, we find that controlling for visible quality, self-produced maize is slightly less likely to contain aflatoxin than purchased maize (col 6). We note that despite the statistically significant relationship between the physical attributes of maize, its production and storage history, and consumer perceptions of its quality, the percentage of variance in aflatoxin contamination explained by these variables is low, ranging from 2.3% to 4.3% across the models presented in Table 3 .
Do informal markets reward food safety in maize?
Turning next to the correlates of price in Table 4 , we see that maize containing between 1 and 10% discolored kernels faces a price penalty of approximately 7% of the mean price, and maize with a higher percentage of such kernels is discounted by 10%. The presence of broken kernels, however, does not significantly affect price (col 1). When controlling for visible attributes, neither subjective quality (col 2) nor aflatoxin contamination (col 3) are predictive of price. The estimated coefficient on aflatoxin remains statistically insignificant when these controls for visible quality are removed (col 4). Aflatoxin and price are similarly uncorrelated for alternative definitions of aflatoxin contamination (cols 5 and 6). Coefficients from linear regressions with village fixed effects are shown, standard errors clustered at the village level are in parentheses. All specifications control for date of interview, unit of purchase, respondent gender, age, primary school completion, and an asset index constructed as the first principal component of asset ownership and housing quality indicators shown in Table 1 . * p<0.10, ** p<0.05, *** p<0.01 Table 4 : Determinants of maize price in purchased maize
3.4
How does food safety relate to how maize is used, and by whom?
As we have seen that consumers are able to perceive differences in maize that correlate with aflatoxin contamination, we next ask whether aflatoxin contamination is related to how maize is used. Maize in Kenya is put to a variety of uses: it may be consumed as grain, fermented to produce an alcoholic beverage, or fed to livestock. Our sample contains very few observations of maize used for the latter two purposes. We therefore pool maize used for purposes other than household consumption in the analysis presented in Table 5 . We find that hammer mill clients were less likely to say they planned to consume maize containing broken kernels (Table 5, col 1) -a correlate of aflatoxin contamination, as shown in Table 3 . However, they were no more or less likely to consume maize judged as poor quality (Table 5 , col 2). The correlation between aflatoxin contamination and broken grains illustrated in Table 3 is apparently too weak to result in any relationship between aflatoxin contamination and the use of maize (Table 5 , col 3). 5 The lack of any statistical relationship between aflatoxin contamination and use of maize as food is consistent for other definitions of aflatoxin contamination (Table 5 , col 4 -col 6). We note that much of the sorting of maize into different uses is likely to occur prior to milling; maize is seldom milled before being fed to animals, and the primary form in which this commodity is sold by farmers is as whole grain. The analysis presented here should thus be interpreted as pertaining primarily to the allocation of maize between fermentation and consumption as flour. Table 5 . Relationship between maize quality and use Finally, we consider the relationship between aflatoxin contamination and socio-economic status. Table 6 shows the results of regressing various measure of aflatoxin contamination in maize destined for household consumption as grain on the socio-economic variables used as controls in the models presented above. We conduct this analysis separately for self-produced maize and purchased maize, since the relationship between maize quality and respondent or household characteristics is likely to be mediated by different mechanisms depending on its source.
Source of maize:
Selfproduced Purchased We find that more educated, and possibly more experienced (as proxied by age), farmers tend to produce less contaminated maize (col 1). This could reflect the skill of such farmers in producing and preserving higher-quality grain, or the quality of their land. On the other hand, none of the socio-economic variables included in the model are significantly correlated with aflatoxin contamination in purchased maize (col 2). This is not surprising given the lack of a relationship between aflatoxin contamination and price in this market.
Implications for markets and population health
In this paper, we have described the extent to which contamination with aflatoxin, a widespread food safety hazard, is correlated with observable factors, and how contamination relates to maize prices and consumer behavior. We find that while observable correlates of aflatoxin exist, their power to predict contamination is low, and the price of bulk maize is uncorrelated with aflatoxin contamination in informal Kenyan grain markets. The health effects of consuming low-quality maize are of significant concern to study participants, 68% of whom sorted their maize for health reasons prior to grinding. But the weak correlation between visible attributes maize and aflatoxin means that consumers have little opportunity to avoid contaminated foods. Of the maize brought to hammer mills, contaminated samples were no less likely to be consumed as grain as they were to be fermented or put to other uses.
Consumers' subjective perceptions of grain quality are predictive of aflatoxin contamination, especially for maize produced on the consumers' own farms, for which information on growing and storage conditions is available. This suggests an information asymmetry that could underlie the widespread perception in Kenya, apparent in data presented here as well as in a previous study (Hoffmann and Gatobu, 2014) , that home-produced maize is superior to that available for purchase. We find some evidence in support of this belief: sampled maize that was grown by consumers is slightly less likely to contain aflatoxin in excess of the Kenyan regulatory standard than purchased maize. Given potential differences in the geographical origin and timing of harvest of marketed versus home-produced maize, as well as the marginal statistical significance of this result, we hesitate to draw strong conclusions. However, recent work in Benin points to the potential for asymmetric information about food safety to adversely affect consumer health.
Ricker-Gilbert and coauthors (2019) find that producers concerned about food safety are more likely to apply storage insecticides to maize they sell compared to that which they consume.
While the lack of observability of food safety in informal maize markets implies a lack of incentives for farmers or intermediaries to address the widespread problem of aflatoxin contamination, this same lack of observability implies that contamination is relatively evenly distributed in the population across socio-economic strata. Previous work based on serum analysis has shown that aflatoxin exposure in eastern Kenya depends lower socio-economic status (Leroy et al., 2015) . Our findings suggest that the higher aflatoxin exposure among lower-SES consumers is likely to be driven by the large share of these individuals' diet constituted by maize as shown by Muyanga et al. (2006) , as opposed to particularly high levels of aflatoxin contamination in the maize they consume.
Technologies are being developed to increase the observability of aflatoxin contamination (Stasiewicz et al., 2017; Tao et al., 2019) . These technologies have the potential to strengthen incentives for better grain handling and storage practices, but also to divide markets into safer and less safe segments, concentrating aflatoxin exposure and related adverse health effects among poorer consumers. To avoid this outcome, interventions to increase observability would need to be accompanied by promotion of aflatoxin-reducing technologies and regulatory action to remove highly contaminated grain from the food supply.
